Introduction {#s0005}
============

Bone metastasis is a common complication of advanced prostate and breast cancer and defines a point in the disease when cure is no longer possible. The invasion of tumor cells into bone irrevocably alters the bone microenvironment and initiates a skeletal response that is dependent on the type of tumor [@bb0005]. Breast cancer bone metastasis typically results in massive osteolysis from the secretion of osteoclast-activating factors, such as parathyroid hormone-related protein and others [@bb0010]. Prostate cancer classically forms osteoblastic lesions under the direction of osteoblast-activating factors that include endothelin-1 (ET-1), Wnt signaling proteins, and bone morphogenetic proteins [@bb0015], [@bb0020]. Both osteolytic and osteoblastic bone metastases represent heightened states of bone turnover but differ in the extent to which osteoblast bone formation or osteoclast bone resorption predominates.

Dickkopf homolog 1 (DKK1) is a secreted inhibitor of canonical Wnt signaling that may predict cancer cell behavior in bone. In normal bone homeostasis, DKK1 is secreted from mature osteoblasts that then feeds-back to inhibit Wnt signaling of osteoblast precursors [@bb0025]. DKK1 operates by sequestering the LDL-related proteins 5 and 6 co-receptors from the G protein-coupled protein receptor Frizzled and thus blocks Wnt signaling activation [@bb0030]. The actions of DKK1 are reinforced by Kremen, a DKK1 co-factor receptor, that participates in the binding of the Frizzled complex and down-regulation of Wnt signaling [@bb0035], [@bb0040]. Negative feedback by DKK1 supports tight control of bone formation and thus prevents excessive osteoblast activity. This role of DKK1 in bone is illustrated by the osteopenic phenotype of DKK1 transgenic overexpression in mice [@bb0045], [@bb0050].

DKK1 regulates the osteoblastic response to invading cancer cells in bone and therefore influences the balance between bone formation and resorption [@bb0025], [@bb0055]. This idea was first proposed when DKK1 was identified as a causal factor in osteoblast suppression characteristic of multiple myeloma bone disease [@bb0060]. Since this first report, DKK1 has been implicated in other forms of cancer and bone metastasis. In animal models of prostate cancer bone metastasis, DKK1 overexpression in the prostate cancer cell line C4-2B, which normally forms mixed osteoblastic-osteolytic bone lesions, resulted in the formation of primarily osteolytic lesions [@bb0065]. Conversely, knockdown of DKK1 expression in the PC3 prostate cancer cell line resulted in increased osteoblastic potential [@bb0065].

Sclerostin, another Wnt signaling inhibitor, is a product of osteoblasts and osteocytes. It operates differently from DKK1 in that it also binds to and sequesters LRPs away from the activation complex, but is not dependent on the Kremen co-receptor. As a consequence of DKK1 itself, Sclerostin expression from osteoblasts and stromal, and possibly myeloma cells, is increased in myeloma bone disease, and represents another avenue for osteoblast suppression [@bb0070], [@bb0075].

Cancer cells not only secrete DKK1 but also are able to manipulate the secretion of DKK1 from the osteoblast. This is mediated by tumor-secreted ET-1, which activates the osteoblast endothelin A receptor (ETAR) and down-regulates osteoblast DKK1 [@bb0080]. ET-1 therefore promotes pathologic bone formation by ensuring DKK1 is quelled, permitting excessive osteoblast activity and bone formation. ETAR antagonists slow progression of osteoblastic lesions in animal models of osteoblastic bone metastasis as well in human clinical trials, which suggests an important role of DKK1 in bone metastasis [@bb0015], [@bb0085], [@bb0090]. Collectively, DKK1 secreted by both cancer cells and mature osteoblasts contribute to bone microenvironment DKK1, and influences osteoblast development and pathologic bone formation in bone metastasis.

We set out to examine the extent to which DKK1 expression in breast and cancer cell lines predicts behavior in bone. In a panel of breast and prostate cancer cell lines, DKK1 expression correlated with the osteolytic skeletal phenotype. Both epigenetic methylation of the DKK1 promoter and transcriptional mechanisms were found to regulate DKK1. In the osteolytic cell lines that secreted the most DKK1, Wnt signaling was unexpectedly found to be active. We provide evidence that active Wnt signaling reported in these aggressive osteolytic cell lines is maintained by a mechanism of DKK1 resistance.

Materials and Methods {#s0010}
=====================

Reagents {#s0015}
--------

The prostate cancer cell lines LnCaP and PC3, the breast cancer cell lines T47D, ZR-75-1 and MCF-7, and the colon cancer cell line COLO205 were obtained from ATCC (Manassas, VA). The ARCaP and ARCaP~M~ prostate cell lines were obtained from Novicure Biotechnology (Birmingham, AL). Dr. Leland Chung, Cedars-Sinai Medical Center, provided the prostate cancer cell line C4-2B. Dr. Robert Vessella, University of Washington, provided the LuCaP23.1 prostate cancer xenograft. The MDA-MB-231(SA) (referred to as MDA-MB-231 in the text) human breast cancer cell line was a gift from Dr. Theresa Guise (Indiana University School of Medicine). This cell line is a bone-avid variant and was maintained as previously described [@bb0010]. 5-aza-2′-deoxycytidine was obtained from Sigma-Aldrich (St. Louis, MO).

Messenger RNA Expression Analysis {#s0020}
---------------------------------

Messenger RNA expression was determined by real-time RT PCR using an iScript SYBR Green RT-PCR kit (Bio-Rad, Hercules, CA) and a MyIQ Single-Color Real-Time PCR Detection System (Bio-Rad, Hercules, CA). The following primers were utilized: DKK1-F: tagcaccttggatgggtatt, DKK1-R: atcctgaggcacagtctgat, ET-1-F: ctttgagggacctgaagctg, ET-1-R: caagccacaaacagcagaga, LRP5-F: gttcggtctgacgcagtaca, LRP5-R: gtccatcacgaagtccaggt, LRP6-F: cccatgcacctggttctact, LRP6-R: ccaagccacagggatacagt, SOST-F: ggaaagtccagggactggtt, SOST-R: catctacagttgcccccagt, MESD-F: agctgggaggtgcttcagta, MESD-R: cagcagggactatgcagtga, KRM1-F: atccagatggagacgtgagc, KRM1-R: tccttgtagcagccaaggtt, KRM2-F: acacctgagatgctgtgctg, KRM2-R: ttcctgtccgacttttggtc. Relative differences in mRNA concentration were determined by subtracting the Ct (threshold cycle) of the study gene from the Ct of the housekeeping gene RPL32 (F: cagggttcgtagaagattcaaggg and R: cttggaggaaacattgtgagcgatc) (Δ = Ct~gene~ -- Ct~RPL32~). The mean of the lowest DKK1 expressing cell line (Δ~low~) was subtracted from each of the cell lines (Δ~sample~); (mean Δ~low~ -- Δ~sample~ = ε). The fold difference was calculated as 2^ε^.

ELISA Assays {#s0025}
------------

DKK1 and ET-1 protein in cancer cell conditioned media was determined by ELISA (R&D Systems, Minneapolis, MN). After collection of media, the cells were trypsinized and counted.

Methylation-Specific Sequencing {#s0030}
-------------------------------

Genomic DNA was isolated from the selected cancer cell lines and prostate cancer xenograft. The DKK1 CpG island and flanking DNA were PCR amplified to produce a 449 bp fragment (F: aggggtgaagagtgtcaaagg; R: aggttcttgatagcgttgga). The fragment was sequenced to confirm the published sequence. Isolated DNA was then subjected to bisulfite treatment using an EZ DNA Methylation-Direct kit (Zymo Research Corporation, Irvine, CA). The bisulfite-treated DNA was PCR amplified using published primers (F: ggggtgaagagtgttaaagg; R: aaaccatcatctcaaaaaaactcaa) that flank the DKK1 CpG island to produce a 326 bp fragment [@bb0095]. Amplified fragments were sequenced. The presence of a cytosine indicated that the base was protected by methylation.

Immunohistochemistry {#s0035}
--------------------

Cancer cells were grown on collagen-coated glass cover slips and fixed for 30 minutes in 4% paraformaldehyde/1% Triton X-100. Samples were washed and incubated with 0.3% hydrogen peroxide for 30 minutes and washed in PBS. Cells were blocked with 1% BSA (Vector Laboratories), PBS washed and incubated for 30 minutes with a mouse anti-β-catenin antibody (Millipore, Billerica, MA) at a 1:500 dilution. Slides were washed with PBS and incubated with Alexa 488 goat anti-rabbit (1:400 dilution) (Invitrogen) for 30 minutes. Cells were washed with PBS/0.1% Triton X-100. Samples were nuclear counterstained with 300 nM 4′,6-diamidino-2-phenylindole (DAPI) for 5 minutes.

Cell Number Assay {#s0040}
-----------------

Cancer cells (3000--10,000 cells) were plated in total volume 100 μl per well in 96-well black walled, clear bottom plate. Human recombinant DKK1 (R&D Systems, Minneapolis, MN) 50 ng/ml or vehicle control was then added. Cells were incubated for 48 hours at 37 °C. The relative number of viable cells was then determined using the Cell Titer-Glo Luminescent Cell Viability Assay (Promega, Madison, WI) according to manufacturer\'s directions. Luminescence was measured using a BioTek Synergy HTX plate reader with a one second integration time. Data were normalized to the control groups.

Wnt Reporter Assay {#s0045}
------------------

Cells were transfected with TOPFlash or FOPFlash Wnt reported vectors (Millipore, Billerica, MA) plus Renilla luciferase as a normalization standard using Lipofectamine 2000 transfection reagent (Life Technologies, Grand Island, NY). Forty-eight hours after transfection, Dual-Luciferase Reporter Assays (Promega, Madison, WI) were performed using a BioTek Synergy 2 microplate reader (BioTek, Winooski, VT). The construction of the dominant-negative TCF3 construct has been described (Wong, et al., J Cell Biol, 2003). A human Kremen1 cDNA vector clone was obtained from ATCC (Manassas, VA). The cDNA was then subcloned into the pCMV-Sport6 expression plasmid (Life Technologies, Grand Island, NY).

Statistical Analyses {#s0050}
--------------------

Statistical analyses were performed using Prism 4.00 software. Comparisons of two groups were performed using an unpaired, two-tailed t test. Significant differences are indicated (\* = *P* \< .05; \*\* = *P* \< .01; \*\*\* = *P* \< .001).

Results {#s0055}
=======

Cancer Cell DKK1 and ET-1 Expression Predicts Bone Phenotype {#s0060}
------------------------------------------------------------

DKK1 mRNA expression and protein secretion into the surrounding medium was surveyed in selected breast and prostate cancer cell lines and compared with the phenotypic response of these cancer cells in bone ([Figure 1](#f0005){ref-type="fig"}). The androgen-dependent prostate cancer cell line LNCaP and the subline derivative C4-2B [@bb0100] expressed nearly undetectable DKK1. Of these, only C4-2B elicits a skeletal response after inoculation with mixed osteoblastic and osteoclastic characteristics. The human prostate cancer xenograft LuCaP23.1 produces osteoblastic bone lesions with intratibial inoculation [@bb0105] and little DKK1 expression was detected. The prostate cancer cell line ARCaP and the bone avid osteoblastic subline ARCaP~M~ [@bb0100] expressed more DKK1. ARCaP~M~ is a reliable model of osteoblastic bone metastasis. The breast cancer cell lines T47D, ZR-75-1 and MCF-7 also produce osteoblastic lesions in animal models [@bb0015] and expressed detectable amounts of DKK1. The breast cancer cell line MDA-MB-231 [@bb0010] and the prostate cancer cell line PC3 [@bb0110] elicit strong osteolytic responses in animal models of bone metastasis. These two cell lines expressed the highest amounts of DKK1. Among the cancer cell lines tested, mRNA concentration correlated well with absolute protein secreted into the surrounding medium ([Figure 1](#f0005){ref-type="fig"}).Figure 1DKK1 mRNA and protein expression in cancer cells correlates with the bone response. (A) DKK1 mRNA was measured in a panel of breast (T47D, ZR-75-1, MCF-7 and MDA-MB-231) and prostate cancer (C4-2B, LnCaP, ARCaP~M~, ARCaP and PC3) cell lines and a prostate cancer xenograft (LuCaP23.1). (B) In the cell lines, the rate of DKK1 secreted into the surrounding medium was also measured by ELISA and normalized to cell number. Absolute DKK1 values in the cell lines with the lowest expression are reported. Closed bars represent cancer cells that produce osteoblastic, mixed or no bone lesions in animal models of bone metastasis. Open bars represent cancer cells that produce osteolytic lesion in animal models of bone metastasis.Figure 1

ET-1 expression was also tested in the panel of cancer cell lines. This secreted factor activates osteoblast proliferation and new bone formation by down-regulating DKK1 [@bb0015], [@bb0080], [@bb0085], [@bb0115]. We predicted that ET-1 expression correlates with the blastic response of cancer cells in bone, opposite of DKK1 expression, consistent with previously published reports [@bb0015], [@bb0080], [@bb0085], [@bb0120], [@bb0125]. ET-1 mRNA and secreted protein expression did in fact inversely correlate with DKK1 expression in most cancer cell lines tested ([Figure 2](#f0010){ref-type="fig"}). Interestingly, C4-2B and LnCaP expressed little ET-1. The osteoblastic response of C4-2B may in part be due to the production of other osteoblast activating factors such as Wnt ligands, as has been previously reported [@bb0065].Figure 2ET-1 mRNA and protein expression in cancer cells closely correlates with DKK1 expression in the cancer cells. (A) ET-1 mRNA was measured in the panel of breast and prostate cancer cell lines and the prostate cancer xenograft LuCaP23.1. (B) In the cell lines, the rate of ET-1 secreted into the surrounding medium was also measured by ELISA and normalized to cell number. Absolute ET-1 values in cell lines with the lowest expression are reported. Closed bars represent cancer cells that produce osteoblastic, mixed or no bone lesions in animal models of bone metastasis. Open bars represent cancer cells that produce osteolytic lesion in animal models of bone metastasis.Figure 2

Methylation of the DKK1 CpG Island Down-Regulates DKK1 Expression {#s0065}
-----------------------------------------------------------------

The cancer cell lines selected for study demonstrated wide variation in DKK1 expression. DKK1 methylation was a potential mechanism of DKK1 down-regulation in the cancer cells with low DKK1 expression. The DKK1 gene contains a 233 bp CpG island surrounding the transcriptional start site and a portion of the first exon [@bb0095] ([Figure 3](#f0015){ref-type="fig"}). This area has a GC content of 68% containing 18 potential cytosine methylation points where a cytosine precedes a guanine. This CpG island is a focus of methylation previously reported to regulate DKK1 transcription in colon cancer [@bb0095], [@bb0130], acute myeloid leukemia [@bb0135], malignant glioma [@bb0140], and multiple myeloma [@bb0145]. The extent to which a similar epigenetic mechanism of gene regulation regulates DKK1 expression in prostate and breast cancer cells was tested. Using a methylation-specific sequencing approach, the cell lines with negligible expression (LNCaP, C4-2B and T47D) had some degree of methylation of the CpG island indicating a putative mechanism of transcriptional repression ([Figure 3](#f0015){ref-type="fig"}). Methylation of the DKK1 CpG island was not detected in the remaining cell lines.Figure 3DKK1 methylation patterns in cancer cells. A 233 bp CpG island encompasses the transcriptional start site and a portion of the first exon of DKK1. Eighteen potential methylation sites were identified within this CpG island. Methylation-specific sequencing was performed to identify the methyl-deoxycytidines within this CpG island. The COLO205 colon cancer cell line served as a control for methylation as this region of the DKK1 gene was reported methylated [@bb0095].Figure 3

The impact of DNA methylation on DKK1 transcriptional repression was examined in C4-2B and T47D cells, the two cell lines with detectable DKK1 CpG island methylation that reliably produce osteoblastic lesions in animal models. The unmethylated PC3 and MDA-MB-231 cell lines served as controls. Treatment with the DNA demethylating agent 5-aza-2′-deoxycytidine resulted in a nearly 500-fold increase in DKK1 mRNA in the C4-2B cell line, strongly indicating that methylation is responsible for transcriptional repression ([Figure 4](#f0020){ref-type="fig"}). Demethylation did not significantly alter DKK1 mRNA concentration in the T47D breast cancer cell line suggesting that other transcriptional mechanisms, such as regulation by c-Jun [@bb0150], cooperate in the down-regulation of DKK1 expression. Interestingly, both MDA-MB-231 and PC3 cancer cell lines exhibited a marginal increase in DKK1 mRNA despite being unmethylated at the DKK1 promoter. This result was likely due to indirect phenomena, such as the presence of epigenetically controlled transcriptional activators that regulate DKK1 transcription.Figure 4Demethylation restored DKK1 expression in C4-2B prostate cancer cells. Cancer cell lines were treated with and without 10 μM of 5-aza-2′-deoxycytidine (5-dAza-C) for 4 days. Messenger RNA was isolated from the cells and subjected to DKK1 real-time RT PCR. (NS = not significant; \* = *P* \< .05; \*\*\* = *P* \< .001).Figure 4

Regulation of DKK1 Expression by Wnt Signaling {#s0070}
----------------------------------------------

The absence of DKK1 promoter methylation within the LuCaP23.1, ARCaP, ARCaP~M~, ZR-75-1, MCF-7, MDA-MB-231 and PC3 cells indicated that other mechanisms regulated DKK1 expression. Wnt signaling itself is one candidate. DKK1 expression is regulated, at least partly, by TCF/LEF Wnt signaling responsive elements located within the DKK1 promoter, and thus fits with DKK1 operating in a negative feedback loop regulating Wnt signaling [@bb0155]. A unifying mechanism of DKK1 regulation by Wnt signaling in the studied cancer cell lines was investigated by assessing the degree of nuclear localization of β-catenin, a marker for active Wnt signaling. The cell lines that reproducibly form bone lesions in animal models (C4-2B, T47D, ZR-75-1, MCF-7, MDA-MB-231 and PC3) were selected for examination and all demonstrated nuclear β-catenin staining ([Figure 5](#f0025){ref-type="fig"}*A*). Controls using secondary antibody without primary antibody showed no staining (data not shown). C4-2B, T47D, ZR-75-1 and MCF-7 cell lines showed additional staining of the cell membrane. This staining pattern may indicate β-catenin reserve and lower level of Wnt signaling, and/or the presence of mature adherens junction complexes associated with β-catenin.Figure 5Canonical Wnt signaling in cancer cell lines. (A) Seven cancer cell lines utilized in animal models of bone metastasis were analyzed for cellular location of β-catenin using fluorescence immunostaining. The cells were counterstained with DAPI to identify the nucleus. All cells had some degree of nuclear β-catenin accumulation. Conditioned media collected from this experiment was analyzed for DKK1 by ELISA. (B) MDA-MB-231 and PC3 cells were transfected with a dominant-negative TCF3 (dnTCF) or empty vector plasmids, along with Wnt reporter vectors. The ratio of TOPFlash to FOPFlash luciferase activity (TOP:FOP) indicated relative Wnt signaling activity. (\*\* = *P* \< .01; \*\*\* = *P* \< .001).Figure 5

A puzzling aspect of the data is that DKK1 itself is a potent inhibitor of Wnt signaling. In most cells, 10--50 ng/ml of DKK1 is sufficient to block Wnt signaling [@bb0060], [@bb0080], [@bb0160]. DKK1 was once again assayed from conditioned media of the cells that underwent immunofluorescent analysis ([Figure 5](#f0025){ref-type="fig"}*A*). MDA-MB-231 and PC3 cells secreted more than sufficient quantities of DKK1 (\>50 ng/ml) to block Wnt signaling.

To confirm active Wnt signaling in these cell line, a dominant-negative expression construct for the mutant form of TCF3 lacking the β-catenin binding site was co-transfected along with Wnt signaling reporter vectors into the MDA-MD-231 and PC3 cell lines. The strategy efficiently down-regulated Wnt signaling, again suggesting that Wnt signaling is active in these cells ([Figure 5](#f0025){ref-type="fig"}*B*). These data support that MDA-MB-231 and PC3 cell lines are insensitive to the Wnt-suppressive actions of DKK1.

As a secondary test to confirm DKK1 resistance, MDA-BM-231 and PC3 cells were treated with DKK1 50 ng/ml and changes in total cell number after 48 hours were measured. DKK1 did not change cell number over time ([Figure 6](#f0030){ref-type="fig"}*A*). Similarly, DKK1 treatment did not alter cancer cell number in the remaining cancer cell line panel, likely as a consequence of lower Wnt signaling activity. As a control, DKK1 did successfully block Wnt3a-induced increase in alkaline phosphatase staining in murine calvarial osteoblasts ([Figure 6](#f0030){ref-type="fig"}*B*).Figure 6DKK1 treatment did not affect cancer cell number. (A) The panel of breast and prostate cancer cell lines were grown to approximately 25% confluence and then treated with recombinant human DKK1 50 ng/ml or vehicle control for 48 hours. The number of viable cells was determined. There was no significant difference in cell number in any cancer cell line tested. (B) As a control for recombinant human DKK1 activity, murine calvarial osteoblasts were treated with and without Wnt3a 50 ng/ml and DKK1 50 ng/ml for 7 days in triplicate. The cells were then stained for alkaline phosphatase activity as a marker of osteoblast differentiation. Wnt3a expectedly increased alkaline phosphatase staining but was blocked with the addition of DKK1.Figure 6

Kremen Down-Regulation Causes DKK1 Resistance {#s0075}
---------------------------------------------

DKK1 action is dependent on other Wnt signaling components and dysregulation of these members could result in DKK1 resistance. DKK1 binds to the high-affinity transmembrane Kremen1 and Kremen2 receptors. The DKK1-Kremen receptor complex sequesters LRP5 and LRP6 away from the Wnt ligand and Frizzled receptor, leading to LRP removal from the cell membrane and down-regulation of Wnt signaling [@bb0035], [@bb0040]. Down-regulation of LRPs and/or Kremen receptors could render DKK1 inactive. Two other Wnt inhibitors, Sclerostin (encoded by the gene SOST) and mesoderm development candidate 2 protein (MESD), compete with DKK1 for LRP binding [@bb0165], [@bb0170]. Excessive expression of these Wnt antagonists could mask DKK1-mediated Wnt inhibition. Expression of these genes was assessed in the seven cell lines that produce bone lesions in animal models of bone metastasis ([Figure 7](#f0035){ref-type="fig"}). A consistent pattern of low Kremen1 and Kremen2 expression in MDA-MB-231 and PC3 cells suggested a mechanism of DKK1 resistance.Figure 7Expression of DKK1 binding partners and Wnt signaling inhibitors. Real-time RT PCR was performed in seven cancer cell lines that produce bone lesions in animal models of bone metastasis. Messenger RNA was analyzed for the genes that encode for LDL-related receptor proteins 5 and 6 (LRP5, LRP6), Sclerostin (SOST), mesoderm development candidate 2 protein (MESD), Kremen1 (Krm1) and Kremen2 (Krm2).Figure 7

To test the extent to which expression of Kremen could restore DKK1-mediated Wnt signaling inhibition, Kremen1 was overexpressed in MDA-MB-231 and PC3 cells and Wnt signaling was measured. Kremen1 reduced Wnt signaling in these cancer cell lines suggesting that down-regulation of Kremen membrane receptors is in part responsible for DKK1 resistance ([Figure 8](#f0040){ref-type="fig"}).Figure 8Overexpression of Kremen1 reduces Wnt signaling. MDA-MB-231 and PC3 cells were transfected with a Kremen1 expression construct or empty vector control, along with Wnt reporter vectors. The ratio of TOPFlash to FOPFlash luciferase activity (TOP:FOP) indicated relative Wnt signaling activity. (\* = *P* \< .05; \*\* = *P* \< .01).Figure 8

Discussion {#s0080}
==========

Risk prediction tools have greatly assisted clinicians in selecting the most effective therapies for patients at the highest risk for cancer progression and metastasis, and in avoiding unnecessary treatments for low risk patients. The Gleason scoring system combined with clinical stage and serum prostate-specific antigen have improved prognostic accuracy in prostate cancer patients. The expression of HER2 and the receptors for estrogen and progesterone in conjunction with clinical stage provides prognostic information in selecting appropriate treatments for women with breast cancer. Despite these important advances in risk prediction, strategies that identify which patients will develop metastasis to specific organs are currently lacking.

DKK1 may be an ideal marker to predict bone metastasis in patients with early malignancies. DKK1 expression was reported higher in women with hormone-resistant breast cancers, which are more likely to be aggressive and metastasize [@bb0175]. Similarly, serum DKK1 was higher in women with breast cancer compared to normal subjects, and in women with breast cancer bone metastasis compared to women with breast cancer metastasis to non-bone sites [@bb0130], [@bb0180]. Although potentially a valuable bone metastasis marker, DKK1 may be an even better predictor of how the skeleton responds to the invading cancer cells. We now report that DKK1 secretion was the highest in the cell lines that produce osteolytic lesions in animal models of bone metastasis. DKK1 excess would therefore suppress Wnt-mediated osteoblast differentiation and allow uncoupled and unrestricted osteolytic bone resorption. In the case of osteoblastic bone metastasis, less DKK1 in the bone microenvironment would permit maximal canonical Wnt signaling in the osteoblast.

The range of DKK1 expression in the cancer cell lines tested was extreme, from high-expressing PC3 cells to nearly undetectable DKK1 in C4-2B cells. Epigenetic control of DKK1 had been reported in other malignancies and we examined whether a similar mode of regulation occurred, especially in the breast and prostate cancer cell lines with the lowest expression. Using a methylation-specific sequencing approach, DNA methylation of the DKK1 CpG island was detected in LnCaP and the cell line C4-2B derived from parental LnCaP cells. This result is consistent with a previous report in which DKK1 was one of 813 genes methylated in LnCaP cells [@bb0185]. This same report also showed that DKK1 was selectively methylated in metastatic prostate cancer, but not in primary prostate cancer, benign tissue adjacent to prostate cancer, or normal prostate. Whether restoration of DKK1 expression using systemic DNA demethylases would reduce prostate cancer burden or possibly convert bone metastases to a more osteolytic phenotype is unclear and merits future study.

Progressive decline in DKK1 expression from the primary tumor to bone metastasis has been reported and may in fact involve dynamic changes in DKK1 CpG island methylation [@bb0190]. The only breast cancer cell line methylated at the DKK1 promoter was T47D that translated into negligible expression. In breast cancers, DKK1 epigenetic inactivation appears to be a less common event and was reported to occur in 19% of primary tumors analyzed [@bb0195]. In the cancer cell lines not methylated at the DKK1 CpG and not subject to epigenetic control, other unidentified mechanisms regulating DKK1 exist. The heat shock family member DNAJB6 is certainly a candidate, and was reported to regulate DKK1 expression in breast cancer cells [@bb0200]. The homeobox protein MSX2 regulated DKK1 expression in mesenchymal cells but it is unclear whether this occurs in tumors [@bb0205].

Cancer cells with ample DKK1 expression alter the bone microenvironment and regulate osteoblast canonical Wnt signaling. In the cancer cell lines with low to negligible DKK1 expression, it is predicted that canonical Wnt signaling would be determined by the balance between Wnt ligand activators and repressors. Canonical Wnt signaling as measured by β-catenin nuclear staining was in fact active in these cells, likely due to secretion of Wnt ligands themselves. Paradoxically, canonical Wnt signaling was detected in MDA-MB-231 and PC3 cells that produce large amounts of DKK1. One explanation is that MDA-MB-231 and PC3 cells may secrete a biologically inactive protein. However, other groups have reported that these cell lines in fact secrete an active DKK1 protein [@bb0065], [@bb0210], [@bb0215], [@bb0220].

Resistance to the actions of DKK1 in MDA-MB-231 and PC3 is now proposed. Of the components required for DKK1 action, Kremen1 and Kremen2 were found to be consistently down-regulated in these cell lines. Kremen proteins are high-affinity DKK1 receptors that cooperate with DKK1 to increase the clearance of LRP co-receptors [@bb0035], [@bb0040], resulting in Wnt signaling down-regulation. Kremen participates in regulating bone homeostasis and osteoblast biology [@bb0225], [@bb0230]. Overexpression of Kremen1 in MDA-MB-231 and PC3 cancer cells partially rescued the ability of DKK1 to reduce Wnt signaling suggesting a mechanism of DKK1 resistance. The model of DKK1 resistance, and possible resistance to sclerostin as well, may in fact represent a mechanism by which cancer cells down-regulate Wnt signaling within the bone microenvironment but at same time require active Wnt signaling for growth in bone. Such a model is consistent with previous reports that DKK1 or Sclerostin neutralizing antibodies alter the bone response to myeloma but did change growth of myeloma cells themselves [@bb0235], [@bb0240], [@bb0245].

Conclusions {#s0085}
===========

We propose a central mechanism that revolves around DKK1 and Kremen, in which canonical Wnt signaling is independently regulated in cancer cells and osteoblasts in bone metastasis. In breast cancer, Wnt signaling is clearly required for breast cancer cell proliferation and migration [@bb0250], [@bb0255]. In breast cancer bone metastasis, TGF-β released from the bone matrix during osteolysis is a critical event that supports breast cancer growth in bone [@bb0260]. Massive osteolysis characterized by uncoupled bone turnover is made possible through the osteoblast suppressive effects of tumor-secreted DKK1. It is therefore essential for breast cancer cells to possess DKK1 resistance. An analogous mechanism can be applied to PC3 animal models of prostate cancer osteolysis. In the situation of osteoblastic bone metastasis, especially in the case of prostate cancer, active canonical Wnt signaling promotes the malignant potential [@bb0265], [@bb0270]. Low or even absent DKK1 in the bone microenvironment, regardless of tumor Kremen expression, permits active canonical Wnt signaling of the tumor cells and the osteoblasts. Kremen therefore may act as a molecular switch that cooperates with DKK1 to determine how cancer cells behave in bone. Defining expression of these two Wnt regulators may have predictive value when assessing risk for progression in primary tumors and in determining the risk for bone metastasis. DKK1 and Kremen receptors also represent novel therapeutic targets for bone metastasis.

With advances in cancer therapeutics, it is likely that bone metastases will be treated as a chronic complication of an incurable disease and that control rather than cure will be viewed as success in the future. Eradication of cancer cells in bone may not feasible but at least halting the progression of disease by targeting bone-specific pathways such as the DKK1-Kremen system may serve as a potential treatment.
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